We present all the symmetry superalgebras g of all warped AdS k × w M d−k , k > 2, flux backgrounds in d = 10, 11 dimensions preserving any number of supersymmetries. First we give the conditions for g to decompose into a direct sum of the isometry algebra of AdS k and that of the internal space M d−k . Assuming this decomposition, we identify all symmetry superalgebras of AdS 3 backgrounds by showing that the isometry groups of internal spaces act transitively on spheres. We demonstrate that in type II and d = 11 theories the AdS 3 symmetry superalgebras may not be simple and also present all symmetry superalgebras of heterotic AdS 3 backgrounds. Furthermore, we explicitly give the symmetry superalgebras of AdS k , k > 3, backgrounds and prove that they are all classical.
Introduction
One way to find the symmetry superalgebra, g = g 0 ⊕ g 1 , of a product AdS k × M d−k , k > 2, background in a supergravity theory is to assume that it is a classical superalgebra 1 whose even subalgebra decomposes as g 0 = so(k − 1, 2) ⊕ t 0 and the dimension of the odd subspace g 1 is the number of Killing spinors N, where so(k − 1, 2) is the Lie algebra of isometries of AdS k subspace. Then t 0 is identified with the Lie algebra of isometries of the internal space M d−k . For k > 3, these data together with the classification of classical superalgebras in [1, 2] are sufficient to find all such symmetry superalgebras.
This method based on the splitting and classification of classical superalgebras may be sufficient for backgrounds of the type AdS k × M d−k but that is not the case for generic warped AdS k × w M d−k solutions. This is because AdS k can be written as a warped product of AdS m for any m < k and so all AdS k × w M d−k backgrounds can be reinterpreted as AdS m × w M d−m backgrounds [3, 4] . Now if all the symmetry supergralgebras of AdS backgrounds could be identified as described above, it would have been possible to decompose the even subalgebra g 0 of the symmetry superalgebra of AdS k × w M d−k as g 0 = so(m − 1, 2) ⊕ t ′ 0 . However in all known examples this is not the case. Therefore, there must be some conditions on the spacetime geometry required for g 0 to decompose as so(k − 1, 2) ⊕ t 0 . Furthermore it is not a priori obvious why one should restrict the symmetry superalgebras of AdS backgrounds to be classical.
First principle computations of g have also been made in the literature for many known supersymmetric solutions, see e.g. [5] and [6, 7, 8] . Most of these are based on the Killing superalgebra (KSA) approach [7, 9] which utilizes the geometric data of the spacetime like the Killing spinor 1-form bilinears and the spinorial Lie derivative to define the (anti-) commutators of g; the method is reviewed in section 2. In these computations, the geometry of the internal space M d−k is used in an essential way to determine all (anti-) commutators. Because of this, it is not apparent how to extend to general warped AdS k × w M d−k flux backgrounds where the geometry of the internal space M d−k may not be sufficiently known to find the (anti-)commutators of g.
In this paper we shall apply a modification of the KSA approach to identify all the symmetry superalgebras of warped AdS backgrounds AdS k × w M d−k with the most general allowed fluxes in 10-and 11-dimensional supergravity theories. First, we find the conditions on the geometry of AdS k × w M d−k such that g 0 can admit a decomposition 2 as g 0 = so(k − 1, 2) ⊕ t 0 . These conditions are expressed as vanishing conditions for certain Killing spinor bilinears or their derivatives and are stated in eqns (2.9), (2.10) and (2.12 ). We also demonstrate that the same conditions can be derived if one assumes that the internal space is compact without boundary and the solutions are smooth.
Next we find that for AdS 3 backgrounds the KSA decomposes as g = g L ⊕ g R , where g L is associated to the left action on AdS 3 and g R is associated with the right-action on 1 The classical superalgebras are those which are simple and where the representation of g 0 on g 1 is completely reducible [1] . 2 One justification for this decomposition is AdS/CFT. The isometry group of the AdS and internal spaces are identified with the conformal and R-symmetry groups of the dual theory, respectively. As the conformal and R-symmetry groups of a field theory commute, g 0 must be a direct sum. This is the only assumption we make. k = 3, these are sufficient to determine the maximal dimension of t 0 .
The second ingredient in our proof is the closure of KSAs for superymmetric d = 11 and IIB backgrounds shown in [15, 16] . We use this to demonstrate that in all cases the super-Jacobi identities and the explicit dependence of the Killing spinors on the AdS coordinates are sufficient to determine the commutator [t 0 , g 1 ] from those of {g 1 , g 1 } and [so(k − 1, 2), g 1 ]. This circumvents the need to know details of the geometry of the internal spaces in order to find the KSAs. The remaining commutators which are those of the isometries of the internal space can also be found after applying the super-Jacobi identities.
This paper is organized as follows. In section two, we summarize the results of [12, 13, 14] and use them to find the conditions on the geometry of AdS k × w M d−k such that g 0 = so(k − 1, 2) ⊕ t 0 . In section 3, we classify all KSAs for AdS 3 backgrounds. In section 4, we determine all KSAs for heterotic AdS 3 backgrounds. In sections 5, 6, 7 and 8, we show that the KSAs of AdS k , k = 4, 5, 6 and 7 are classical and give explicitly all their (anti-)commutators, respectively. In section 9, we give our conclusions. In appendix A, we demonstrate that the 1-form Killing spinor bilinears of massive IIA supergravity leave invariant all fields of the theory. In appendix B, we give the isometries of AdS k as well as the spinorial Lie derivatives of spinors along the AdS Killing vectors. In appendix C, we give all the 1-form bilinears as well as the spinorial Lie derivatives of the Killing vectors of AdS k × w M d−k backgrounds. In appendix D, we present the construction of KSAs for AdS 3 backgrounds with a low number of supersymmetries without the use of the results of [10] .
Killing Superalgebras

Definition of KSAs
Decomposing the KSAs of supersymmetric backgrounds g into the even g 0 and odd subspaces g 1 , g = g 0 ⊕ g 1 , the construction proceeds as follows [7, 9] . g 1 is spanned by the odd generators Q ǫm each associated to a Killing spinor ǫ m of the background, where m = 1, . . . N. g 0 is spanned by the even generators V Kmn each associated to a 1-form bilinear K mn constructed from the Killing spinors ǫ m and ǫ n as K mn = (ǫ m , Γ M ǫ n )dx M , where (, ) is a suitable Spin(d −1, 1)-invariant inner product such that K mn = K nm . K mn give rise to Killing vector fields which leave all fields invariant. The (anti)commutators of KSAs are computed geometrically. In particular Kpq] , (2.1) where [K mn , K pq ] is the Lie commutator of two vector fields and
is the spinorial Lie derivative of ǫ with respect to the vector field X. It has been shown in [15, 16] that closure of the KSAs holds for all d = 11 and IIB supersymmetric backgrounds 5 5 Closure has not been shown for the KSAs of massive IIA backgrounds but it is expected to hold for those as well. In appendix A, we demonstrate that the vector Killing spinor bilinears of massive IIA under these operations as the super-Jacobi identities are satisfied. There are several simplifications in the construction of the KSAs for AdS backgrounds which we shall explain below. In what follows, we shall set for simplicity Q ǫm = Q m and V Kmn = V mn .
AdS Killing spinors
The KSEs of all warped backgrounds AdS k × w M d−k , k ≥ 3, with the most general allowed fluxes can be integrated over the AdS subspace in all 10-and 11-dimensional supergravity theories [12, 13, 14] . The expression for the fluxes depends on the theory as well as the particular AdS k background under consideration. However, the properties that will be described apply to all cases. Because of this in what follows we shall focus on the metric which is universal in all theories and for the rest one should consult the references above. In the coordinates that the spacetime metric can be written as
where (u, r, z, x a ) are coordinates of the AdS subspace, ℓ is the radius of AdS, y are coordinates of M and A is the warp factor, the expression for Killing spinors reads
where 5) where the σ ± and τ ± spinors satisfy the lightcone projections Γ ± σ ± = Γ ± τ ± = 0, and depend only on the coordinates of M k The gamma matrices have been chosen with respect to the frame 
and can be thought as the restriction of the gravitino and dilatino KSEs of the associated supergravity theory on M d−k , respectively, as well as an additional algebraic KSE 8) which arises from the integration of KSEs on AdS. The explicit form of (2.7) and (2.8) depends on the supergravity considered as well as the specific AdS background under theory leave all fields of the theory invariant.
investigation, as the operators D (±)
i , A (±) and Ξ (±) depend on the fields. However in all cases they take the above general form.
The σ + and τ + Killing spinors lie in a complementary subspace from that of σ − and τ − as they satisfy different lightcone projections. Moreover, it is straightforward to deduce from the algebraic KSE (2.8) that the σ + Killing spinors are linearly independent from the τ + Killing spinors. From this analysis, one concludes that Killing spinors ǫ 1 , ǫ 2 , ǫ 3 and ǫ 4 are all linearly independent. Later, we shall strengthen these properties using global conditions.
For AdS k k ≥ 3, there are elementary Clifford algebra operations that relate the σ and τ spinors. In particular if σ + and τ + are Killing spinors, then σ − = AΓ −z σ + and τ − = AΓ −z τ + are Killing spinors. In addition for k > 3, if σ + is a Killing spinor, then Γ za σ + are τ + type Killing spinors for every a. Moreover for k > 4 if σ + is a Killing spinor, then Γ ab σ + are σ + type Killing spinors for every a < b. These relations between the Killing spinors can be used to count the Killing spinors of all AdS backgrounds [12, 13, 14] . For k = 3, it can be arranged so that for each ǫ only the σ ± or the τ ± spinors are nonvanishing and also the terms proportional to x a in the expression for ǫ do not occur as the coordinates of AdS 3 has (u, r, z) .
It is clear from the above that the Killing spinors of AdS backgrounds can be described in terms of multiplets. Each multiplet is determined from the choice of σ + . Then the rest of the components of the multiplet can be constructed from σ + using the elementary Clifford algebra operations described above and after selecting the linearly independent spinors that arise from such a procedure. AdS backgrounds that preserve a minimal amount of supersymmetry admit one such multiplet of Killing spinors while those that preserve extended supersymmetry admit two or more such multiplets. We shall investigate both the properties of the Killing spinors that lie in the same multiplet as well as those of different multiplets. It suffices to focus on the properties of σ + and τ + Killing spinors as those of σ − and τ − spinors follow in a straightforward manner.
1-form bilinears and decomposition of g 0
To investigate the conditions on the geometry of AdS k × w M d−k backgrounds for g 0 to decompose as g 0 = so(k − 1, 2) ⊕ t 0 , we use the 1-form bilinears of the Killing spinors (2.5) presented in appendix C. These have components along the AdS subspace and components along the internal space M d−k . The components along the AdS subspace span the 1-forms associated with the isometries of the AdS subspace in (2.3). There are two kinds of components along the internal space M d−k , those that depend on and those that are independent from the coordinates of AdS. The former indicate that the backgrounds have isometries along the internal space which do not commute with the isometries of AdS. Such behavior is expected from AdS k solutions that arise as foliations of AdS m backgrounds with k < m. To exclude such backgrounds, it is required that all such components should vanish. In turn, it is straightforward to observe that this is satisfied provided that
where σ ′ + , τ + and σ + may or may not belong to the same Killing spinor multiplet, and we have used the relation between τ − , σ − and τ + , σ + spinors. The inner product ·, · is the real part of the standard hermitian inner product for which all spacelike gamma matrices are hermitian. For k > 3, the above two relations are equivalent as there is a relation between the σ + and τ + spinors explained in the previous section. The remaining 1-form bilinears along the internal space are always proportional to σ + , Γ i Γ z σ ′ + e i , where again σ ′ + and σ + may or may not belong to the same Killing spinor multiplet. These are not expected to vanish and give rise to isometries of the internal space.
One consequence of (2.9) is the orthogonality of σ + and τ + spinors
This follows from (2.8) after imposing (2.9). After imposing (2.9) and (2.10), the Killing spinor bilinears can be written as K = K µ e µ + K i e i , where K AdS = K µ e µ are along the AdS directions andK = K i e i are along the transverse directions. K AdS can be written as a linear combination of forms associated with Killing vector fields of the AdS space with components that may depend on the coordinates of of the internal space. Requiring that g 0 = so(k − 1, 2) ⊕ t 0 which implies that independently K AdS andK are Killing and that 11) one finds that
and 13) ie the length of the Killing spinors is constant, the warp factor is invariant andK is Killing on the internal space M d−k , where∇ is the Levi-Civita connection of the internal space M d−k . To summarize, the conditions for g 0 to decompose as g 0 = so(k − 1, 2) ⊕ t 0 are (2.9), (2.10), (2.12) and (2.13).
Global conditions for the decomposition of g 0
The conditions (2.9), (2.10) and (2.12) we have found on the Killing spinor bilinears in the previous section for g 0 = so(k − 1, 2) ⊕ t 0 can also derived in an elegant way after imposing that the internal space M d−k is compact without boundary and the fields are smooth. Indeed after setting Λ = σ + + τ + , one can demonstrate using the KSEs (2.7), (2.8) that
and
Applying the maximum principle, one concludes that Λ is constant which gives in particular (2.12). Then (2.14) implies (2.9). As in the previous section (2.10) can be derived from (2.8) using (2.9). This establishes the assertion.
3 AdS 3 in D=11 and Type II Theories
AdS 3 backgrounds preserve an even number of supersymmetries. Therefore the minimal case is that for which a background preserves exactly two supersymmetries. The Killing spinors can be given in terms of either σ ± or τ ± spinors. In the former case, we find that the Killing spinors are
where we have set σ − = AΓ −z σ + . In terms of τ ± the Killing spinors are as in (3.4) . Using the results of appendix C, we find that the bilinears are given as
where we have chosen the normalization 2 σ + 2 = 1 in order to simplify coefficients and λ − , λ z , M +− , M z+ are isometries of AdS 3 given in appendix B. Note that all 1-form bilinears have non-vanishing components only along the AdS 3 directions.
The direct computation of spinorial Lie derivatives in appendix C reveals that
Using this and the definition of the symmetry superalgebra in (2.1), we find that the non-vanishing commutators are
where ǫ AB , A, B = 1, 2, is the Levi-Civita tensor with ǫ 12 = 1. As the Killing spinors have the same form in all 10-and 11-dimensional supergravity theories, the superlgebra of N = 2 AdS 3 backgrounds in all these theories is (3.3). The Lie algebra of the three Killing vectors K AB is sp(2) = sl(2, R) = so(1, 2) and acts on the two supersymmetry generators with the fundamental representation. This KSA is isomorphic 6 to osp(1|2).
N = 4
There are three ways to construct the four Killing spinors of N = 4 AdS 3 backgrounds in D=11 and type II theories. For the first two options, one can choose the Killing spinors to depend on four linearly independent σ ± spinors or four linearly independent τ ± spinors.
In the third option, one chooses the first two Killing spinors to depend on σ ± and the remaining two on τ ± .
Left and right superalgebra
Let us begin with the third possibility where the first two Killing spinors of N = 4 AdS 3 backgrounds are expressed in terms of σ spinors as in (3.1) while the remaining two are expressed in terms of τ spinors as
where we have used that if τ + is a Killing spinor then τ − = AΓ −z τ + is also a Killing spinor, and (2.5).
To find the superalgebra in this case, first note that the 1-form bilinears of the τ type Killing spinors are
where λ + , M z− are also isometries of AdS 3 , see appendix B. So all Killing spinor bilinears lie along the AdS 3 subspace directions.
It remains to compute the rest of the 1-form bi-linears. Using the orthogonality of σ + and τ + spinors (2.10) and (2.9) as well as the expressions for the bilinears in appendix C, one can show that all the remaining bilinears vanish. Then a consequence of the superJacobi identity of the superalgebra is that all the commutators between Killing spinors constructed from σ spinors and their bilinears and those constructed from τ spinors and their bilinears vanish. As a result, the KSA is g = g L ⊕ g R = osp(1|2) ⊕ osp(1|2). Viewing AdS 3 locally as a group manifold, g L is associated with the left action while g R is associated with the right action on AdS 3 .
Left or right superalgebra
Next suppose that all Killing spinors are expressed in terms of four linearly independent σ ± spinors. In this case, the Killing spinors of AdS 3 backgrounds with extended supersymmetry are multiple copies of the Killing spinors (3.1) that appear for the solutions preserving two supersymmetries. Because of this, it is convenient to denote the Killing spinors with a double index as ǫ Ar where A = 1, 2 labels the two spinors in the same multiplet and r = 1, . . . , N/2 denotes the number of multiplets. Using this notation, the Killing spinors of AdS 3 backgrounds that preserve four supersymmetries (N = 4) can be written as 6) where r = 1, 2. We can assume without loss of generality that σ 1 + and σ 2 + are orthogonal. From construction, they have to be linearly independent. As their lengths and inner products are constant and the KSE are linear over the real numbers, they can always be chosen as orthogonal via a Gram-Schmidt process.
An inspection of the results of appendix C illustrates that the 1-form bilinears of the above Killing spinors can be written as 
Using this and after a brief computation, one can verify that the superalgebra is 10) which is isomorphic to osp(2|2). The analysis for the case in which all the Killing spinors depend on τ ± spinors follows in the same way. Note that as there is some freedom to choose σ 2 + , it is not a priori obvious that there is a non-vanishing 1-form bilinearK rs associated to the generatorṼ rs . However ifK rs is chosen to vanish and so the superalgebra does not have aṼ rs generator, the super-Jacobi identities of three Q Ar generators are not satisfied. Therefore consistency of the KSA requires the presence of theṼ rs generator.
Some structure theory 3.3.1 Structure constants of KSAs
To proceed further for N > 4 let us suppose that all Killing spinors ǫ Ar are constructed from linearly independent σ r ± spinors. Then as we shall explain below the (anti)-commutators of the superagebra can be written as
where as it will be explained below α is a constant 4-form. The first anti-commutator follows from the results of appendix C where we have normalized the spinors as 2 σ r + , σ s + = δ rs . The bosonic generators V AB are associated with the left AdS 3 isometries, and thẽ V rs are associated with isometries of the internal space. However note thatṼ rs are not necessarily linearly independent. The second and third commutators follow from a direct computation presented in appendices B and C as the dependence of the Killing spinors and K AB on AdS 3 coordinates is known. Then the fourth commutator can be restricted by requiring consistency with the super-Jacobi identities.
To justify the [Ṽ rs , Q At ] commutator observe that if either t = r or t = s, the commutator follows from the results established in the N = 4 case. Now suppose that t = r, s and consider LK rs ǫ At . As we are investigating backgrounds preserving strictly N supersymmetries there must be constants α andα such that
where α rst ℓ = −α srt ℓ andα rst ℓ = −α srt ℓ . AsK rs are along the internal manifold, the spinorial Lie derivative preserves the dependence of the Killing spinors on the AdS 3 coordinates. Thereforeα = 0. Furthermore, the super-Jacobi identity of the generators Q Ar , Q Bs and Q At , for A = B, implies that α rst ℓ = α str ℓ . This together with
Furthermore as ǫ 1t = σ 
where we have lowered the index with δ rs . Combining (3.13) and (3.14), we deduce that 15) and so α is a 4-form. The identification of KSAs of AdS 3 backgrounds for N > 4 depends crucially on determining the form α. One way to do this is to observe that the outer automorphisms of KSA include the action of SO(N/2) on Q Ar . With this action α transforms as a 4-form. As a result it suffices to consider representatives of the orbits of so(N/2) on the space of 4-forms. This consideration is sufficient to identify all the KSAs for N ≤ 12 and it is explored in appendix D. However to find all KSAs, we investigate the structure of these KSAs further.
The AdS 3 KSAs are direct sums of Left and Right KSAs
Before we proceed further with the investigation of the KSA, let us consider the case where some of the Killing spinors are constructed from σ spinors and some others from τ spinors. A straightforward application of the computation presented in appendix C reveals that the superalgebra g(σ) associated to the σ type of Killing spinors and the superalgebra g(τ ) associated to the τ type of Killing spinors commute, and so we can set g L = g(σ) and g R = g(τ ); g = g L ⊕ g R . To see this observe that all mixed σ and τ 1-form bilinears vanish. This implies that the odd σ type generators anti-commute with the odd τ type generators. Furthermore the commutator of σ type even generators associated to isometries on AdS 3 with τ type odd generators vanishes, and vice versa. This can be seen from the spinorial Lie derivatives in appendix C.
It remains to demonstrate that the commutators of σ (τ ) type even generators associated to isometries on the internal space with τ (σ) type odd generators vanish as well. First observe that Killing vectors along the internal space preserve the functional dependence of Killing spinors on the AdS 3 coordinates. As σ and τ Killing spinors have different such dependence it follows that they cannot be rotated to each other under such spinorial Lie derivatives. Then upon using super-Jacobi identities and the fact that all mixed bilinears vanish, one can show that the commutator of a σ (τ ) internal even generator with any τ (σ) odd generator vanishes. This establishes the result.
A consequence of g = g L ⊕ g R is that it suffices to investigate the KSAs associated with only σ type Killing spinors. Then g can be easily found as g L and g R are isomorphic.
Structure theorems
Let g = g L be the super-algebra of AdS 3 backgrounds preserving N supersymmetries.
and the action of t 0 preserves the Euclidean inner product on R N 2 . As a result t 0 ⊆ so(N/2). We shall show that t 0 is associated with a subgroup of SO(N/2) which acts transitively on the S Proof: Suppose thatṼ u×w = 0. In such a case it follows from (3.11) that
where u · w is the Euclidean inner product in R N 2 and u · Q A = u r Q Ar . Then upon using the super-Jacobi identity
which is satisfied iff u and w are linearly dependent as dimg 1 = N. This a contradiction and soṼ u×w = 0. △ Proposition: The Lie algebra t 0 is associated with a subgroup H 0 of SO(N/2) that acts transitively on the sphere S
Proof: It suffices to show that given two linearly independent vectors u, w ∈ R N 2 , there is element R(u, w) ∈ t 0 such that R(u, w) generates SO(2) rotations on the 2-plane spanned by u and w in R N 2 . As the SO(2) rotations act transitively on all directions in the 2-plane spanned by u and w, it follows that there is an element in H 0 which rotates the direction defined by the vector u onto that of the vector w.
For this set R(u, w) =Ṽ u×w and observe that
for any p that lies in the 2-plane spanned by u and w. So indeedṼ u×w acts as an infinitesimal orthogonal rotation on the 2-plane spanned by u and w. As this can be done for any u, w ∈ R N 2 , it follows that H 0 acts transitively on S
The representation of Lie algebra t 0 on g 1 leaves invariant the 4-form α.
Proof: For this write
It suffices to show that
First using the super-Jacobi identities, one can establish that
As this bracket is skew-symmetric in the interchange of the pairṼ rs andṼ r ′ s ′ , one obtains the identity
Taking the commutator with Q Ap , one arrives at (3.20) . △
The results we have obtained above can be summarized as follows. Theorem: The necessary conditions for a superalgebra g to be the KSA of AdS 3 backgrounds are that g 0 = sp(2) ⊕ t 0 and that
, where t 0 is the Lie algebra of a group acting transitively on S
Furthermore, the representation of the Lie algebra t 0 in g 1 leaves the 4-form α invariant. △
The groups that act effectively and transitively on spheres have been classified in [10] and have been listed in table 1. This classification also specifies the representation of the group that acts transitively on the vector space R n in which S n−1 is embedded. This is essential for finding the AdS 3 KSAs as we shall explain below.
To identify t 0 with the Lie algebras of the groups listed in table 1, it remains to find the conditions for t 0 to act effectively on g 1 . For this define the subalgebra c ⊂ t 0 such that [c, g 1 ] = 0 or equivalently
Observe that c is a commutative ideal 7 of g, g 0 /c = sp(2)⊕t 0 /c and t 0 /c acts effectively on g 1 . As t 0 /c also acts transitively on the spheres, it can be identified with the Lie algebra Lie Algebras of Groups Acting Transitively on Spheres It should be noted that the KSA of AdS 3 backgrounds admits a consistent, supersymmetric and invariant inner product 9 given by
Observe that if c = ∅, this inner product is degenerate.
KSAs from so(n) acting transitively on
If N = 8, then so(n) does not admit an invariant 4-form in the fundamental n-dimensional representation and thus α = 0. Then it is straightforward to observe that the KSA is isomorphic to osp(n|2). The same applies in the N = 8 case provided we choose α = 0. As there are no maximally supersymmetric AdS 3 backgrounds n < 16. The algebra of isometries of the internal space is so(n).
As α is a 4-form (3.12) in a 4-dimensional space it is proportional to the volume form ǫ. So we write 25) for some constantα. Using this, the non-vanishing (anti-)commutators (3.11) of KSA are
where we have neglected the commutators of the V AB already given in (3.3). This algebra is isomorphic to a real form of the D(2, 1; α) superalgebra with α =α
The isometry algebra of the internal space is so(3) ⊕ so(3). Ifα = 0, this superalgebra is isomorphic to osp(4|2) as expected.
It remains to investigate the cases for whichα is either 1 or −1. For this writẽ
P ) rs where ω (±) are orthonormal bases in the space of self-dual and anti-self dual two forms ω
If eitherṼ + orṼ − vanishes for eitherα = 1 orα = −1, respectively, the superalgebra is a real form of sl(2|2)/1 4×4 . The isometry algebra of the internal space is so (3) .
Next consider the possibility that bothṼ + andṼ − do not vanish and eitherα = 1 or α = −1. In such a case, it can be seen thatṼ + forα = 1 orṼ − forα = −1 become central and they are allowed to be non-vanishing as they do not appear on the right-hand-side of so(3) commutators generated by eitherṼ − orṼ + , respectively. We shall denote the resulting superalgebra with csl(2|2; 3)/1 4×4 where the last numerical entry denotes the maximal number of central generators. This is not a (semi-)simple superalgebra. It is not apparent that such a superalgebra arises as a possibility in actual solutions. However it cannot be ruled out on the grounds of symmetry and the geometric assumptions we have made.
3.5 KSAs from u(n) acting transitively on S 2n−1
In this case N = N σ = 4n. Define an embedding of u(n) into so(2n) by choosing a complex structure I in R 2n compatible with the Euclidean metric and with associated Hermitian form ω, ω rs = δ rt I t s . The 4-form α can be chosen as
whereα is a constant. The subalgebra t 0 decomposes as
where t 
If bothṼ (1, 1) andṼ (2,0)+(0,2) act effectively on the Q's, then consistency requires that so(2n) acts with the fundamental representation on the Q's and the KSA must be isomorphic to osp(2n|2). Alternatively only the subalgebra u(n) acts effectively on the Q's. Imposing this by requiring that the elements of t Furthermore one finds that
Observe that although (3.32) does not give the standard action of u(n) on C n because of the last term in the commutator, this can be achieved after the change of basis
Factoring with the ideal generated by c =Ṽ (2,0)+(0,2) , the resulting KSA is sl(n|2). A consequence of (3.32) is that
ie the ω-trace of theṼ (1, 1) has a non-trivial action on the Q's for n = 2. As a result for n = 2, there is no a KSA which is associated with su(n) Lie algebra 10 in table 1 as this would require that ω rsṼ (1,1) rs commutes with the Q's. However for n = 2, one can further factor with ω pqṼ (1,1) pq yielding the superalgebra sl(2|2)/1 4×4 .
KSAs from g 2 and spin(7)
The argument required to identify the KSA in these two cases proceeds as in the u(n) case. In the g 2 ⊂ so(7) case for which N = N σ = 14, the invariant 4-form can be chosen as α =α φ whereα is a constant and φ is the fundamental invariant 4-form of g 2 . Moreover t 0 = t 
where r, s, r ′ , s ′ = 1, . . . , 7. It is clear from this that P 7Ṽ ∈ t 7 0 commute with the Q's provided thatα = −1/2. The superalgebra g/t 7 0 is isomorphic to g(3) and c = t 7 0 . P 7Ṽ must vanish because if they do not, these generators appear as central extensions of g 2 which is simple and so it does not admit such an extension.
In the spin(7) ⊂ so(8) case for which N = N σ = 16, the invariant 4-form is the fundamental, invariant, self-dual form ψ.
KSAs from sp
(1) and the remaining cases 3.7.1 spin(9), sp * (n) and sp
The transitive action of spin(9) on S 15 does not give rise to a KSA for AdS 3 backgrounds as there are no AdS 3 backgrounds preserving 32 supersymmetries. It remains to investigate the cases sp * (n), sp * (n) ⊕ u(1) and sp * (n) ⊕ sp * (1) for which N = N σ = 4n. To begin, the embedding of sp * (n) in so(4n) is specified by a hyper-complex structure I, J and K, I 2 = J 2 = −1, IJ = −JI and K = IJ in R 4n . The generators of sp * (n) are those of so(4n) which are (1,1) with respect to all complex structures. Thus we write t 0 =t = sp * (n) and m 0 is the orthogonal complement. The most general 4-form α which is invariant under sp * (n) can be chosen as
where we denote with the same symbol the complex structures and their associated Hermitian 2-forms, and a 1 , a 2 , a 3 , b 1 , b 2 , b 3 are constants. Next we impose the condition that the elements of m 0 commute with the Q's. In particular, we impose the condition that the elements of t 0 which are (2,0) and (0,2) with respect to I, and so lie in m 0 , must commute with the Q's. We find
Taking the trace with I pq , one gets that b 1 = b 2 = 0 for n > 1. Taking the trace with J pq one finds that 1 2
Next skew-symmetrizing in all r, s, p and q indices and considering the (4, 0) and (2, 2) parts with respect to I, one deduces that after using the above equation that . Thus, the commutator [Ṽ , Q] is as in the u(2n) case. However sp * (n) ⊂ su(2n) and so the trace with respect to I must vanish as well. We have seen that this is not possible. So there is no KSA that can be constructed using the action of sp * (n) on the spheres. The embedding of sp * (n) ⊕ u(1) in so(4n) is again characterized by the complex structures I, J and K but nowṼ rs ∈ sp * (n) ⊕ u(1) iffṼ rs is (1,1) with respect to I and the I-traceless part ofṼ rs ,Ṽ rs − . To demonstrate that a superalgebra cannot be constructed from the sp * (n) ⊕ u(1) action on a sphere, take a complex basis with respect to I to find I rs I r ′ s ′Ṽ r ′ s ′ with respect to J has to commute with the Q's leads to a contradiction. There are no KSA associated to the sp * (n) ⊕ u(1) case.
The elements in sp * (n) ⊕ sp * (1) ⊆ t 0 can be written as
whereV rs ∈ sp * (n) are (1,1) with respect to all I, J and K while W I , W J and W K are the generators of sp * (1). The invariant 4-form is , respectively, and similarly for J and K. Then note that where w I , w J and w K are the subspaces spanned by the generators W I , W J and W K , respectively, ie sp * (1) = w I ⊕ w J ⊕ w K . Using (3.45) and (3.46) and after setting a = 1/2, we find that
Therefore we deduce that
Then it follows from (3.47) that [m 0 , g 1 ] = 0. If the elements of m 0 are set to zero, the resulting superalgebra is isomorphic to the real form, osp * (4|2n), of osp(4|2n). To see this note that osp
. Then sp * (n) and sp(2) are real forms of sp(2n) and so(3), respectively, and sp * (1) = so(3). On the other hand if the elements of m 0 do not vanish, the KSA may have central terms. It is also known that there are no maximally supersymmetric AdS 3 backgrounds and so n is restricted as n < 4. This completes the identification of all KSA for AdS 3 backgrounds. In appendix D, we present some examples for cases with a low number of supersymmetries without using the classification results of [10] that confirm the results we have presented.
We conclude this section by stating all superalgebras of AdS 3 backgrounds which preserve 16 supersymmetries. After taking into account the possibility of having both σ and τ Killing spinors can occur, g = g L ⊕ g R , and setting the central terms to zero, one finds that the KSAs are
where we have stated the unordered pairs. Otherwise one has for example to include both osp(1|2) ⊕ g(3) and g(3) ⊕ osp(1|2) as distinct possibilities. Similar lists can be obtained for any number of supersymmetries.
AdS 3 KSAs in type II and d = 11 4 Heterotic Backgrounds
Killing spinors
Under some mild assumptions, the heterotic string supergravity admits only AdS 3 solutions and the warp factor is constant [17] . The solutions preserve 2, 4, 6 and 8 supersymmetries. The Killing spinors of such backgrounds are either expressed in terms of σ ± or τ ± spinors as in (3.1) or (3.4), respectively. As only either σ ± or τ ± Killing spinors can occur, we shall focus on the Killing spinors expressed in terms of σ ± as the investigation of the KSAs in terms of the τ ± Killing spinors is similar. Amongst the conditions (2.9), (2.12) and (2.10) that we have put on the bilinears, the only relevant one is (2.12). This also follows from the gravitino KSE as the connection has holonomy contained in the Spin(8) group. In particular one does not have to assume the compactness of the internal space or use the maximum principle. The KSAs of the heterotic AdS 3 backgrounds can be easily constructed from first principles without using the super-Jacobi identities we have employed in the type II theories. This is mainly due to the observation that the solution of the gravitino KSE puts strong restrictions on Killing spinors namely that they should have a non-trivial isotropy group in Spin(9, 1). The anti-commutator of odd generators can be read from the results of appendix C. Moreover, the commutator of even and odd generators can be easily found. Indeed upon using the gravitino KSE the spinorial Lie derivative of any Killing spinor ǫ with respect to any 1-form bilinear X can be expressed as
where H is the 3-form field strength. As both ǫ and H are known in all cases, the right-hand-side of this equation can be easily evaluated.
KSAs for heterotic backgrounds
The KSAs of N = 2, 4 and N = 6 AdS 3 backgrounds can be either constructed from first principles as described in the previous section or can be read from the results we have already presented for the type II backgrounds. In either case, they are unique and isomorphic to osp(1|2), osp(2|2) and osp(3|2), respectively. It remains to investigate the N = 8 AdS 3 backgrounds. As in type II theories, the Killing spinors are given in (3.6) but now r = 1, 2, 3, 4. Furthermore, we express K Ar,Bs as in (3.7) and there are potentially six 1-formsK rs = −K sr along the internal space. The associated vector fields of these commute with those of K AB . However, the Killing spinors of N = 8 heterotic AdS 3 backgrounds are restricted to be su(2) invariant and such backgrounds admit only three 1-form bilinears along the internal space [17] . As a consequence only three of the six 1-formsK rs are linearly independent. This is imposed by requiring thatK rs is self-dual, iẽ
for some choice of ordering of Killing spinors. The commutator [Ṽ rs , Q At ] can either be found from explicitly computing the spinorial Lie derivative ofK rs using (4.1) and the form of the 3-form flux for such backgrounds given in [17] or it can be read from the results for type II backgrounds as this case corresponds to theα = −1 case in (3.27). In either case writingṼ rs = (ω
is a orthonormal basis in the space of self-dual 2-forms in R 4 such that [ω
This is a real form of the sl(2|2)/1 4×4 superalgebra and the isometry algebra of the internal space is so(3). Central charges do not arise in the heterotic case. The KSAs of AdS 3 heterotic backgrounds are tabulated in table 3. (u, r, z, x) , the four Killing spinors (2.4) and (2.5) can be written as
where we have used σ − = AΓ −z σ + , τ + = Γ zx σ + and τ − = AΓ −x σ + . The 1-form bilinears have been computed in appendix C. They span all ten isometries of AdS 4 . Furthermore, all 1-form bilinears associated with isometries of the internal space vanish. The spinorial Lie derivatives of the Killing spinors along the isometries of AdS 4 can be easily extracted from the formulae in appendix C. It turns out that the resulting KSA is
where A, B, C = 1, . . . , 4, ǫ AB is the symplectic invariant 2-form put into canonical form with ǫ 12 = −ǫ 34 = 1 and the spinor σ + has been normalized as 2 σ + 2 = 1. This superalgebra is isomorphic to osp(1|4).
N = 8
The Killing spinors of N = 8 AdS 4 backgrounds are generated by the choice of two linearly independent spinors σ whereṼ rs = −Ṽ sr . The generators V AB are associated to isometries along AdS 4 as in the minimal N = 4 case andṼ rs is a generator associated to the 1-form bilinear
which gives rise to a Killing vector field along the internal space. Note thatṼ rs commutes with V AB . A further direct computation using the formulae in appendix C also reveals that
It remains to determine the commutators [Ṽ , Q]. For this, we shall use the closure of the KSA as an explicit computation will require further details of the geometry of the internal space that are not available. AsK is along the internal directions it preserves the functional dependence of Killing spinors ǫ Ar on AdS 4 coordinates. So LK rs ǫ At = β rst ℓ ǫ Aℓ for some constants β. Then one can compute [Ṽ , Q] using the super-Jacobi identities.
In particular an argument similar to that employed for the AdS 3 N > 2 backgrounds to prove that α is a 4-form, together with (5.3) and (5.5) leads to
The KSA given by the (anti)-commutators (5.3), (5.5) and (5.6) is isomorphic to osp(2|4).
N = 12
The Killing spinors ǫ Ar of these backgrounds are given as in (5.1) where now the three generatorsṼ rs ,Ṽ rs = −Ṽ sr , are associated with the three 1-form bilinearsK The argument presented above to determine the commutator (5.10) is general and does not depend of the range of the indices r, s, t. Clearly, the KSAs of AdS 4 backgrounds with extended supersymmetry are more restricted than those AdS 3 backgrounds. The key reason for this is that unlike the AdS 3 case, the generatorsṼ rs can be written as anti-commutators of odd generators in two different ways for A = 1, B = 2 and for A = 3, B = 4.
The commutator [Ṽ rs ,Ṽ r ′ s ′ ] can be easily computed using the super-Jacobi identities to reveal that
ie the Lie algebra of the Killing vector fields of the internal space is so(3). The KSA of AdS 4 backgrounds with N = 12 supersymmetries is isomorphic to osp(3|4).
N = 16
The Killing spinors ǫ Ar are again given as in (5.1) but now determined by similarly normalized spinors σ r + for r = 1, 2, 3, 4. The squaring operation of the Killing spinors which gives the anti-commutators {Q Ar , Q Bs } leads to an expression as in (5.7) but now for r, s = 1, 2, 3, 4. The generatorsṼ rs are associated with Killing vectors along the internal space. Also the commutator [V AB , Q Cr ] is given as in (5.5).
The remaining commutators which need to be determined are [Ṽ rs , Q At ]. If t = r or t = s, an argument similar to the one produced for the N = 8 case leads to a commutator as in (5.6). On the other hand if all r, s, t are distinct, a similar argument to that used in the N = 12 case implies that the commutator vanishes. Thus the commutator is given as in (5.10) but now for r, s, t = 1, 2, 3, 4. Furthermore as a consequence of this and the super-Jacobi identities the Lie algebra of V rs is as in (5.11), i.e. isomorphic to so (4) . Therefore the KSA of N = 16 backgrounds is isomorphic to osp(4|4).
N > 16
It is straightforward to generalize the results we have obtained so far to all N > 16 backgrounds. One can show that the KSA of N = 4k backgrounds is osp(k|4). The non-vanishing commutators are
where A, B, C = 1, . . . , 4 and r, s, t, r ′ , s ′ = 1, . . . , k. The algebra of the Killing vector fields of the internal space is so(k).
We remark that the KSAs of AdS 4 backgrounds are more restricted than those of AdS 3 backgrounds. The critical argument that explains the reason for this is produced below (5.10) and uses in an essential way the fact that the generators of the isometries in the internal spaceṼ rs appear as bilinears of both type σ and type τ Killing spinors. Equivalently, the enhanced symmetry of the spacetime imposes more stringent conditions on the remaining (anti-) commutators which are sufficient, together with the super-Jacobi identities, to specify the KSAs including the commutators involving the generators of the isometries of the internal space. This is the case for all KSAs, g, of AdS n n > 3 backgrounds provided that g 0 = so(n − 1, 2) ⊕ t 0 .
AdS 5 in D=11 and Type II Theories
It has been shown in [12, 13, 14] that warped AdS 5 backgrounds preserve 8k supersymmetries. Unlike the AdS solutions we have investigated so far, the minimal N = 8 AdS 5 backgrounds exhibit a non-trivial isometry along the internal space. Because of this the analysis is somewhat different.
N = 8
To begin let us take (r, u, z, x, y) as the coordinates of AdS 5 , where we have set x 1 = x and x 2 = y. The eight Killing spinors of the minimal AdS 5 solution are generated by a single spinor σ + after applying the elementary operations described in section 2.2. It follows that if σ + is a Killing spinor, then Γ xy σ + is also a Killing spinor. As a result the Killing spinors can be organized in two pairs of four spinors as ǫ AI where A = 1, . . . , 4 and I = 1, 2. The four ǫ A1 spinors are as those of the minimal AdS 4 backgrounds generated by σ 
whereW AB ǫ AB = 0, ǫ AB is the sp(4) invariant tensor defined as in the AdS 4 case with
, and ǫ IJ = −ǫ JI . There are 16 linearly independent 1-form bilinears. Ten are associated to V AB and five are associated toW AB . These span the fifteen isometries of AdS 5 . K on the other hand is associated with an isometry along the internal space generated by 1-form bilinear K = 2A σ + , Γ xyzi σ + e i . The Lie algebra of the isometries is so(2, 4) ⊕ so (2) .
It remains to compute the commutators of V ,W and K with the Q's. The commutators of V andW with the Q's can be read from the spinorial derivatives on the Killing spinors presented in appendix C as these even generators are associated with isometries of AdS 5 . In particular it is straightforward to see that
It remains to find the commutator of K with the Q's. For this observe that
where the generator M is associated with the 1-form bilinear −ℓ −1 M xy . We have used the normalization 2 σ + 2 = 1. Thus for every Q AI there is another odd generator
As the commutators [M, Q AI ] are known, one can find all the commutators [K, Q AI ]. These results can be collected as
where W AB =W AB + ǫ AB K. In particular, one has
Clearly the generator K cannot be set to zero establishing that the internal spaces of all such backgrounds must have a non-trivial isometry. The (anti)-commutators (6.1), (6.2) and (6.5) determine the KSA and it is isomorphic to sl(1|4).
N = 16
As the AdS 5 backgrounds preserve 8k supersymmetries, the next case to investigate is N = 16. For this set σ A direct inspection of the bilinears in appendix C reveals that the Q anti-commutators can be arranged as
where the V andW generators are as in the N = 8 case while the generatorsṼ rs = −Ṽ sr and K rs = K sr are associated to the 1-form bilinears
and r, s = 1, 2. It remains to investigate the commutators of even and odd generators. All such commutators that involve generators of isometries along the AdS 5 can be easily computed using the spinorial Lie derivatives. In particular, one has 
(6.12)
Observe that the right-hand-side of the equation above does not depend on generators K rs and all the (anti-)commutators are known. Thus one can use the above formula to find
This superalgebra defined by the (anti-)commutators (6.7), (6.9), (6.10) and (6.13) is isomorphic to sl(2|4) and the isometry algebra of the transverse space is u(2).
Extended supersymmetry
The two remaining cases to investigate are for N = 24 and for N = 32. The bilinears that lie along the internal directions are again given as in (6.8) but now for r, s = 1, 2, 3 and r, s = 1, . . . , 4, respectively. The anti-commutator of the Q generators is again given in (6.7) but now either r, s = 1, 2, 3 or r, s = 1, . 1, 2, 3 or r, s = 1, . . . , 4. This is because the argument to establish (6.10) and (6.13) for the N = 16 case is not sensitive to the range of the indices r, s and t. The resulting superalgebra in the N = 24 case is isomorphic to sl(3|4) and the Lie algebra of isometries of the internal space is u(3). However, although this local analysis allows for the existence of N = 24 solutions, a global analysis given in [21] which makes use of a maximum principle argument on the (compact and without boundary) internal space, excludes such solutions.
In the N = 32 case observe that the generator C = 1 4 δ rs K rs is central as it commutes with all the Q's and all the even generators. So either C does not appear in the righthand-side of the anti-commutator (6.7) in which case the superalgebra is isomorphic to sl(4|4)/λ1 8×8 and the isometry algebra of the internal space is su(4) = so(6) or the KSA is not simple. The latter case does not occur as the only maximally supersymmetric AdS 5 background is the IIB AdS 5 × S 5 solution and the effective isometry algebra of the transverse space is so (6) . However this cannot be deduced on symmetry considerations alone as the classification of maximal supersymmetric solutions of IIB theory is also required [18] .
7 AdS 6 in D=11 and Type II Theories AdS 6 backgrounds preserve either 16 or 32 supersymmetries. It has been known for some time that there are no AdS 6 backgrounds with 32 supersymmetries in 11-dimensional and type II supergravities [18] . As a result the only case that remains to be investigated is that of 16 supersymmetries. For this, let us denote the coordinates of AdS 6 with (u, r, z, x a ), a = 1, 2, 3, and introduce the odd generators
where we have used the expression of Killing spinors in (2.4) together with σ − = AΓ −z σ + and τ − = AΓ −z τ + as well as the relation between τ + and σ + spinors. The a, b, c indices are raised with respect to the flat metric and ǫ abc is the Levi-Civita tensor.
A direct substitution of the Killing spinors into the 1-form bilinears of appendix C reveals that the non-vanishing anti-commutators are
2)
The generators V AB andṼ AB are associated to 1-form bilinears (3.2) and (3.5), respectively. The generators K (±)
ab are associated to 1-form bilinears
and the generators V AB,a are associated to the bilinears
where 2 σ + 2 = 1. There are at most 3 Killing vectors along the internal space associated with the bilinears
Note that the bilinear K abc = 2A σ + , Γ abc Γ i σ + e i vanishes as a consequence of the conditions (2.9) in section 2.3.
As in previous cases, to determine commutators of the KSA it suffices to find the commutators of the generators K ab of the isometries of the internal space with Q's as the rest follow the explicit formulae in appendix C via the evaluation of spinorial Lie derivatives of the Killing spinors along the isometries of AdS 6 . To find [K bc , Q Aa ] and [K bc , Q A ] observe that 6) and so
All even generators in the right-hand-side are associated with the isometries of AdS 6 . As a result, the right-hand-side can be found using the spinorial Lie derivatives of appendix C. This determines the commutator [K bc , Q Aa ]. A similar argument also determines all the other commutators of K ab with the remaining Q's andQ's. In particular all the non-vanishing commutators of even with odd generators are
where Q Aα = (Q A , Q Aa ) and similarly forQ Aα . The KSA is isomorphic to f * (4) a real form of f(4) with f * (4) 0 = so(5, 2) ⊕ so(3). The Lie subalgebra generated by K ab is isomorphic to so(3). The generators K ab cannot be set to zero as this will violate the super-Jacobi identities. So one expects that all these backgrounds admit an effective so(3) action.
AdS 7 in D=11 and Type II Theories
To begin, a minimally supersymmetric AdS 7 background admits sixteen Killing spinors and the odd generators can be identified as
where ω
is a basis of anti-self-dual 2-forms in R 4 with
Observe that there are only 3 independent generators Q Aab for each A as σ + is restricted to satisfy 11 Γ abcd σ + = ǫ abcd σ + . Computing the 1-form bilinears, we find that
where
AdS k KSAs in d = 10 and d = 11 Table 4 : In all cases, for AdS k backgrounds g 0 = so(k − 1, 2) ⊕ t 0 . f * (4) is a different real form to f(4) which appears in the AdS 3 case.
The commutators of the even with the odd generators are
The commutators of K r with the odd generators have been found using a similar argument to that of the AdS 6 backgrounds. The Lie algebra of the K r generators is so(3). The KSA is isomorphic to osp(6, 2|2). It remains to investigate the maximally supersymmetric AdS 7 backgrounds. It has been shown that all such solutions are locally isometric to the AdS 7 × S 4 background in [18] . It can be shown using the technique illustrated above that the KSA is isomorphic to osp(6, 2|4). The calculation is very similar with the only difference that σ + is not restricted to be (anti-) chiral with respect to the Γ 1234 chirality operator. 
Isometry algebras of internal space
N AdS 4 AdS 5 AdS 6 AdS 7 4 0 - - - 8 so(2) u(1) - - 12 so(3) - - - 16 so(4) u(2) so(3) so(3) 20 so(5) - - - 24 so(6) u(3) - - 28 so(7) - - - 32 so(8) su(4) - so(5)
Conclusions
We have identified the KSAs, g, of all warped AdS k × w M d−k , k ≥ 3, backgrounds with the most general allowed fluxes in d = 10 and d = 11 dimensions, for which the even subalgebra g 0 decomposes into a direct sum of the isometries of AdS k and those of the internal space M d−k , g 0 = so(k − 1, 2) ⊕ t 0 . The proof utilizes (i) the solution of the KSEs for AdS backgrounds presented in [12, 13, 14, 17] and (ii) the closure of the KSAs demonstrated in [15, 16] . Our results are tabulated in tables 2, 3, 4 and 5.
We have demonstrated that the classification of AdS 3 KSAs is closely related to the classification of groups acting effectively and transitively on spheres. This is because the Lie algebra of isometries of the internal space, t 0 , is associated to a group that acts transitively on a sphere in the odd subspace g 1 of the KSA. The classification of such groups is a classic problem in geometry that has been solved some time ago [10] and it has been applied in [11] to simplify the Berger classification of the holonomy groups of simply connected irreducible Riemannian manifolds. The KSAs of AdS 3 backgrounds may not be simple as they can exhibit central generators. There are several potential KSAs for AdS 3 backgrounds for a given number of supersymmetries N. For the rest of AdS k , k > 3, backgrounds, we find that the KSAs are all classical and they can be uniquely characterized by the pair (k, N), i.e. the AdS k space under investigation and the number of supersymmetries preserved by the background.
In the context of AdS k /CFT k−1 , for k > 3, we have shown that the KSAs of all AdS k backgrounds which decompose as g 0 = so(k − 1, 2) ⊕ t 0 coincide with the expected superconformal algebras of field theories. So potentially all such backgrounds can have a CFT k−1 dual. The only exception perhaps is the KSA of the maximally supersymmetric AdS 5 background that can exhibit a central term which however vanishes in supergravity. In AdS 3 backgrounds, there are many KSAs that arise for a given number of supersymmetries N and can exhibit one or more central generators. The role of these central terms should be clarified in both supergravity and in quantum theory.
Our results have applications in the classification of supersymmetric AdS backgrounds. If AdS backgrounds preserve more than 16 supersymmetries, N > 16, then under some mild assumptions it can be shown that the warp factor is constant and therefore they are products AdS k ×M d−k . Furthermore they must be homogenous [19] and so M d−k = G/K. The identification of all KSAs of AdS k backgrounds allows to set Lie G = t 0 . As all the Lie algrebras t 0 of isometries of the internal spaces are known, all the internal spaces can be identified as homogenous spaces of groups with Lie algebra t 0 . So far, the AdS k backgrounds that preserve more than 16 supersymmetries have been classified for k = 4 [20] and k = 5 [21] . In the former case the classification of the KSAs for AdS 4 backgrounds has been utilized in an essential way. For k > 5, AdS k backgrounds preserve either 16 or 32 supersymmetries and so for N > 16 are included in the classification of maximal supersymmetric backgrounds in [18] .
For AdS k backgrounds that preserve 16 or less supersymmetries, N ≤ 16, the KSA may not act transitively on the internal space. Further progress on the classification of such backgrounds will require a detailed analysis of the orbits of the KSAs in the internal spaces as presented in [24] for AdS 6 backgrounds. Investigations of the geometry of such AdS backgrounds based of superalgebra considerations have been made before, see e.g. [22, 23] . However now this can be done more systematically as all possibilities have been identified.
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Appendix A Invariance of (massive) IIA fluxes
In this appendix we will give a proof to the statement that the Killing vector bilinears leave invariant all the fields of (massive) IIA supergravity, i.e. they are Killing vectors and preserve all the fluxes. The proof will rely on the Killing spinor equations
and Aǫ ≡ ∂ P ΦΓ P ǫ + 1 12
where ∇ is the spin connection, H is the NS-NS 3-form field strength,S,F ,G are the RR k-form field strengths, for k = 0, 2, 4 respectively, and Φ is the dilaton. For later convenience, we set
In addition to the Killing spinor equations the proof will also rely on the field equations and Bianchi identities (for relevant expressions in the conventions introduced above see [25] ), and the result will thus hold in general for all supersymmetric supergravity solutions. It is convenient to introduce the following notation
) and all Γ-matrices are anti-Hermitian with respect to this inner product, i.e. B(Γ A ǫ I , ǫ
First we verify that there is a set of 1-form bi-linears whose associated vectors are Killing. We write the gravitino KSE as
which we use to replace covariant derivatives with fluxes and Γ-matrixes. The 1-form bilinears associated with the Killing vectors are α IJ A e A , which we see by computing
Since the resulting expression is antisymmetric in its free indices we find that ∇ (A α 
To see that the 3-form flux H is preserved we need to analyse the 1-form bi-linears which are not related to the Killing vectors, i.e. τ IJ A e
A . As above, we find that 12) or equivalently
where we have indicated the degree of the form τ and suppressed the indices labelling the Killing spinors. By taking the exterior derivative of (A.13), and using the Bianchi identity for H, i.e. dH = 0, it follows that .14) and hence the Killing vectors preserve also the H flux. We now turn to the 2-form flux F . Computing the (covariant) derivative of the scalar τ IJ , and making use of the gravitino KSE as above, we find Acting with an exterior derivative on (A.18) and re-substituting (A.18) into the resulting expression, and using (A.13), (A.15) and (A.17), we obtain 19) where in the second step we have used the Bianchi identity for G, i.e. 20) concluding the proof of the preservation of G. Finally, L K S = 0 follows from the constancy of the Romans mass parameterS, which completes the proof. For the computations in this appendix the Mathematica package GAMMA [26] has been used.
(2ℓ −1 ur + ℓe −2z/ℓ − ℓ + ℓ −1 x 2 ) andr = rA −2 e −2z/ℓ . Note that ℓ is the radius of AdS k , the warp factor, A, depends only on the coordinates y i of M k while u, r, z, x a for a = 1, . . . , n − 3 are the coordinates of AdS k subspace, and g ij is the metric on M k . The associated Killing vectors are Moreover, the commutators of these Killing vectors are The Lie algebra is isomorphic to so(n − 1, 2) as expected.
B.2 Spinorial Lie Derivatives along AdS
The commutators of the even generators associated with the isometries of AdS and odd generators associated with the Killing spinors of the superalgebra can also be explicitly found via the spinorial derivative (2.2) of the isometries of AdS on the Killing spinors of the backgrounds. In particular, one has These spinorial Lie derivatives determine all such commutators as the dependence of the Killing spinors on the AdS coordinates is known. The super-Jacobi identities are then used to restrict the remaining commutators of the even generators associated with the isometries of the internal space with odd generators of the superalgebra.
The anti-commutator of the odd generators can be founds from the 1-form bilinears. These are K(ǫ 2 , ǫ 3 ) = 2ℓ −2 A −1 rx a Γ + σ − , Γ a τ + e + + 2ℓ
The non-vanishing spinorial Lie derivatives of ǫ 2 (σ − ) are
Similarly the non-vanishing spinorial Lie derivatives ofǫ 3 (τ + ) are
and those of ǫ 4 (τ − ) are
Taking the commutator with Q A4 and using the fact that all Q's are linearly independent, we find that α 1234 = 0 and so α = 0. As a result the KSA is osp (5, 2) . This is in agreement with the general analysis presented in section 3 for the AdS 3 backgrounds.
D.2 N = N σ = 12
The 4-form α is dual to a 2-form. Using SO (6) After using (D.2) to express firstṼ 12 and thenṼ 35 in terms of the Q's and applying the super-Jacobi identity in both cases, we find that
The commutators of the above expression with Q A5 and Q A3 reveal that In the former case the superalgebra is osp(6|2) and in the latter case a real form of sl(3|2) with even part sp(2) ⊕ u(3). The choices of signs of λ's denote the different embeddings of u(3) in so (6) . Again there is the possibility that the KSA is the non-simple superalgebra csl(3|2; 7). These results are in agreement with those in section 3.
